Abstract Stroke is one of the most dreaded complications of left ventricular assist device therapy in patients with end-stage congestive heart failure. There is strong evidence linking anticoagulation and infection with ischemic and hemorrhagic strokes, though recent data has emerged regarding the importance of elevated blood pressure. In the recently completed Heartware Ventricular Assist Device studies, a mean arterial pressure greater than 90 mmHg was associated with greater stroke risk, particularly the hemorrhagic subtype. In this review, we discuss recent evidence regarding deleterious effects of uncontrolled hypertension in patients with left ventricular devices, and propose measurement and management strategies.
Introduction
The use of left ventricular assist devices (LVADs) worldwide has grown rapidly with the increased prevalence of end-stage congestive heart failure (CHF) and improved technological advances in mechanical circulatory support [1•] . For an increasing number of patients, LVADs represent a temporary treatment while awaiting cardiac transplantation (Bbridge to transplant,^BTT), while in others it is definitive therapy if ineligible for cardiac transplant (Bdestination therapy,^DT). Over the last three decades, technological improvements have extended the life-span of patients with end-stage systolic heart failure through the use of these devices to include both Bbridge to transplant^and Bdestination therapy,^the latter serving as an alternative to cardiac transplantation. Several clinical trials have demonstrated improved survival and quality of life among patients treated with LVADs [2••] , though one of the most feared complications is stroke reported in 7-15 % of cases [3••, 4-7] . Stroke, particularly hemorrhagic subtype, is a leading cause of morbidity and mortality after an LVAD and a reason for some patients becoming ineligible for transplantation. Several risk factors for stroke have been identified across studies which center on thrombus formation within the LVAD itself [8] , anticoagulation treatment, or infection [9] [10] [11] [12] . Recent reports have pointed to the importance of hypertension as a risk factor for stroke [3••, 13] , with a recent United States Food and Drug Administration recommendation for a mean arterial pressure (MAP) <90 mmHg for patients with a Heartware ventricular assist device (HVAD). This review will focus on hypertension as a risk factor for stroke in patients with LVADs, and management of hypertension after stroke.
Hypertension as a Risk Factor for Stroke
Several primary prevention trials in hypertension have demonstrated a robust decline in the rate of stroke [14] . Worldwide hypertension represents a consistent and strong risk factor for all stroke subtypes: ischemic stroke and hemorrhagic types (intracerebral hemorrhage and aneurysmal subarachnoid hemorrhage) [15] . Given the high prevalence of hypertension worldwide, hypertension has one of the highest population-attributable risks for stroke [16] . The impact of treating hypertension, particularly on hemorrhagic stroke which is more likely to be fatal, is likely to be even higher [17] . The mechanisms by which hypertension may lead to stroke are several-fold, including direct damage to cerebral arteries (intracranial plaque formation, aneurysm formation and growth, hypertensive damage to small subcortical vessels) or indirect processes (cardiac dysfunction leading to embolic events, extra-cranial atherosclerosis) [15] . To what degree these processes are relevant to patients with LVADs remains poorly defined.
Mechanisms of Stroke in Left Ventricular Assist Devices
In order to understand the impact that hypertension may have on stroke in LVADs, further description of stroke subtyping is needed. Several manuscripts have addressed the risk of stroke after LVAD implantation, though interpretation of the data was initially limited by further description of ischemic and hemorrhagic strokes. Ischemic strokes may occur due to an embolus forming within the LVAD or myocardium, though the correlation between clinical pump thrombosis and ischemic stroke appears less robust [3••, 8, 9] . Patients with embolic sources can develop ischemic strokes from different causes given their burden of cardiovascular disease risk factors, namely due to atrial fibrillation, artery to artery emboli from large artery atherosclerotic disease, or lacunar infarcts due to lipohyalinosis of small cerebral arteries. To what degree hypertension could predispose to thrombus formation within the myocardium or LVAD is not clear, though treating hypertension is an important component of primary prevention of stroke in patients with atrial fibrillation [18] , and poorly controlled hypertension may decrease LVAD flow and thereby contribute to device thrombosis.
Damage to small subcortical arteries and intracranial aneurysm formation and rupture are both accelerated with hypertension and are causative precursors to subcortical intracerebral hemorrhage and subarachnoid hemorrhage (primary hemorrhage) [19] . Hypertension is increasingly also recognized as a risk factor for lobar intracerebral hemorrhage (located near the cortical surface) and likely influences other degenerative processes in small arterioles such as cerebral amyloid angiopathy [17] . Hemorrhagic strokes have been typically attributed to the anti-thrombotic treatment, though an elevated international normalized ratio (INR) is neither necessary nor sufficient to lead to hemorrhagic strokes [5] . In clinical practice, patients may frequently have supra-therapeutic INR's without developing a hemorrhagic stroke, and conversely this stroke subtype may be seen in patients with subtherapeutic INR's. Coagulopathy on the other hand leads to poorer outcomes among patients in whom the hemorrhagic stroke is related to hypertension [17] . Hypertension may also contribute to hemorrhagic conversion of an ischemic stroke [20] , a frequent complication of large infarcts already observed presentation [21] , and which on imaging may be difficult to discern from a primary hemorrhage (Fig. 1 ). In the case of hemorrhagic transformation, the primary pathological process is cerebral ischemia from a cerebral embolus, followed by lysis of the embolus and restoration of flow into infarcted tissue without the presence of the blood-brain barrier. In our experience, further characterization of hemorrhagic strokes after adjudication from a vascular neurologist leads to at least one third being reclassified as hemorrhagic transformation. Lastly, the mechanism for non-traumatic subdural hematomas, not typically defined as stroke by neurologists [17] but included in the Interagency Registry for Mechanically Assisted Circulatory Support dataset [1•] , is poorly understood and it is unknown if it manifests as acute or chronic in LVAD patients. Subdural hematoma (Fig. 1 ) is believed to arise from tears in bridging veins across the meningeal to the dura, an area not exposed to the arterial circulation. Over time, the subdural hematoma liquefies and becomes chronic, during which time it may expand in size and become symptomatic. This process is incompletely understood, though vascularization of the outer membrane has been well described and treatment with anti-hypertensives may lower the risk of expansion of a chronic subdural hematoma [22, 23] .
Hypertension and Stroke in Left Ventricular Assist Devices
The hypothesis that hypertension would lead to stroke and adverse events in LVADs [24•] emerged from data on the HVAD in a recent publication, where an MAP of greater than 90 was reported as a risk factor for stroke [3••] . In these reports, the MAP was examined as follows: on or before stroke, within 7 days before stroke, before the stroke. In analyses, all available MAP were summarized as means and then compared in stroke and non-stroke patients; MAP was also described as the mean of all measures within 7 days of stroke (including and excluding the blood pressure at time of stroke). Among 382 participants, 6.8 % developed ischemic stroke (7 out of 26 peri-operative) and 8.4 % developed hemorrhagic stroke (16 out of 32 intracerebral). In these reports, the subtyping of stroke allowed for the exclusion of patients with hemorrhage due to falls or treatment with lytics, as well as peri-operative stroke. In multi-variable models, a MAP >90 mmHg before the event was associated with a higher risk of ischemic stroke, and a MAP >90 mmHg 7 days before the event including this time, the day of the event, was associated with a higher risk of hemorrhagic stroke The latter was an important point since patients often have elevated blood pressures at the time of stroke regardless of stroke subtype. However, in support of a direct role of hypertension in hemorrhagic strokes, the authors also reported that the incidence was lower in enrolling sites which had a strict blood pressure monitoring protocol. One possible explanation is that patients who had a MAP >90 mmHg reflect a population with a higher burden of hypertension which led to long-standing cerebral arteriolar injury starting even before LVAD implantation. Arguing against this is that the average MAP was only 2 mmHg higher in those with a history of hypertension. On the other hand, the blood pressures reported in the HVAD registry were not sufficiently high to have acutely triggered the stroke within 7 days. A high blood pressure in this case might rather be an indicator of sustained damage to already fragile cerebral arterioles from chronically elevated blood pressure not only preceding but also following LVAD implantation. Investigators at Washington University have recently reported that a systolic blood pressure above the mean (>100 mmHg) 48 h before discharge from the hospital after implantation was associated with a higher risk of ischemic and hemorrhagic stroke, a mean of 16 months later without a clear difference by device type [25••] . Otherwise, strokes may also reflect a systemic process leading to hemorrhage that is independent of the cerebral vasculature.
The processes occurring in the cerebral circulation after continuous flow LVAD implantation merit some attention and have been a rare subject of research. In some patients, persistent hypertension after LVAD implantation could potentially accelerate the non-cardioembolic processes leading to ischemic stroke, for example making it more likely that patients would develop a lacunar stroke or artery to artery emboli from large artery atherosclerosis. Arguing against this process is that hypertension was not a risk factor for ischemic stroke in the HVAD trial and registry. In our experience, none of the ischemic strokes have been due to non-cardioembolic etiologies such as large artery atherosclerosis or lacunes. A stronger argument can be made for the role of cerebral arterial pathology in patients A. Day 1 A. Day 3 C B Fig. 1 Computed tomography scan of an ischemic stroke (day 1 without acute findings) with subsequent hemorrhagic conversion (white arrow) (day 3) (panels a), primary hemorrhagic stroke patient (panel b), subdural hematoma (black arrow) (panel c) who had a primary hemorrhagic stroke, which are a substantial proportion of hemorrhages in published series and are more strongly associated with poor outcomes. One hypothesis is that the loss of pulsatile flow may lead to endothelial dysfunction due to loss of endothelial nitric oxide synthase [26] . Endothelial dysfunction could lead to the loss of at least two protective mechanisms the brain has against hemorrhage: the blood-brain barrier and cerebral auto-regulation. This was recently investigated in a series of patients with continuous flow LVADs, pulsatile flow LVADs, and healthy controls who underwent an exercise challenge while undergoing transcranial Doppler (TCD) ultrasonography. In this study, investigators found that changes in TCD were similar in patients with LVADs and controls arguing against the loss of cerebral autoregulation [27•] . Other more advanced measures of cerebral auto-regulation, such as direct cerebral auto-regulation with a hypotensive or post-occlusive hyperemic challenge [28] , have not been established in this patient population. Lastly, little data is known on whether arteriolar degenerative processes, such as accumulation of αβ-amyloid in cerebral amyloid angiopathy among those older than 55, interacts with blood pressure to increase the risk of ischemic or hemorrhagic stroke as it does in non-LVAD patients [29] . Further characterization of hemorrhagic strokes as lobar versus subcortical in location may shed further light into this process. It is likely that a hemorrhagic stroke, similar to patients without an LVAD, is due to an accumulation of multiple processes of which hypertension is an integral component. Unfortunately, post-mortem examinations of cerebral cortex, which may shed light into the pathophysiology of stroke in LVAD patients, are underutilized and/or underreported.
Measurement and Management of Blood Pressure after Left Ventricular Assist Device
Non-invasive blood pressure measurement by standard cuffs has been problematic due to reduced pulsatile flow in patients on continuous flow LVAD support. Doppler ultrasound with sphygmomanometer is routinely used to assess blood pressure in this patient population. Although Doppler is highly reliable and valid for systolic blood pressure measurement, Doppler blood pressure approximates MAP only in a setting of reduced pulse pressure (PP) [30•, 31] . Thus, the common knowledge that Doppler blood pressure accurately measures of MAP in all LVAD patients is inadequate and possibly misleading. For example, in the HVAD trial and registry cited above, the methodology used for MAP measurement is not specified. If Doppler was mainly used, a blood pressure >90 mmHg would accurately measure systolic blood pressure rather than MAP, thus, leading to different conclusions and recommendations with respect to blood pressure management in LVAD patients based on the results of this study.
We recently reported on the usefulness of combining the two currently available methodologies (i.e., Doppler and standard automated blood pressure monitor) to assess systolic blood pressure and MAP in LVAD patients. The approach was based on the observation that the probability of obtaining successful blood pressure readings with standard monitors increases the higher the pulse pressure becomes. Based on prior research, we adopted a two-step approach for the assessment of blood pressure among patients with an LVAD:
Step 1: Obtain initial blood pressure measurement by automated monitor three times.
Interpretation of Results
(a) If at least two out of three are obtainable with an automated cuff, the average of the blood pressure readings is interpreted as valid and the use of Doppler-assisted measurements is not needed. (b) If one or no readings are obtained using the automated cuff, we proceed to step 2.
Step 2: Obtain Doppler blood pressure measurement.
(a) Doppler blood pressure provides valid measure of systolic blood pressure in all cases. (b) Doppler blood pressure also approximates MAP in case none of the three automated readings is successful, as pulse pressure is substantially reduced in these patients.
Management of patients with continuous flow LVADs can be complex in sites without significant expertise in measuring blood pressure [30•, 31] . Intensive hypertension management appears to be beneficial. In the HVAD registry and trial, those sites that used an improved BP monitor protocol (at least weekly blood pressure monitoring via telephone and/or in person visits to achieve target levels, goal MAP 90 mmHg, and use of an escalating regimen driven by the patient's blood pressure) had a statistically significant lower hemorrhagic stroke rate (8.4 vs. 2.6 %) [3••, 13] . Blood pressure control to a target MAP ≤80 mmHg can be achieved effectively on one or two medications with classes used widely in clinical practice (angiotensin-converting enzyme inhibitors/ angiotensin receptor blockers and beta blockers).
Management of Hypertension after Stroke
The management of hypertension after stroke is likely to be substantially different in patients with an LVAD compared to all others. Treatment of hypertension in ischemic stroke patients may be more challenging given the concern for expansion of the infarct due to hypo-perfusion, most often seen in patients with large artery atherosclerosis and lacunar strokes. Current recommendations for ischemic stroke patients advocate against treating acute hypertension in an ischemic stroke patient unless there is evidence of endorgan damage such as renal failure or CHF [32, 33] . None of the data used to derive these recommendations included patients with LVADs, and patients with advanced class CHF were also excluded from the studies informing the guidelines. It is likely that auto-hypertension would not be beneficial in patients with LVADs given that there is a low prevalence of non-cardioembolic etiologies. Conversely, there is potential risk for allowing blood pressures to remain high in patients with LVADs including hemorrhagic conversion of an ischemic stroke. For these reasons, the blood pressure targets in LVAD patients with ischemic stroke in our institution are driven by indications for other organ systems, though from a neurological perspective we avoid an MAP >90 mmHg. In hemorrhagic stroke, maintaining an MAP <90 mmHg is likely to be protective against hematoma expansion and therefore poor outcomes in both LVAD and non-LVAD patients [17] . Though there are also no data on long-term secondary stroke prevention for LVAD patients, maintaining the same blood pressure targets as for primary prevention is reasonable.
Conclusions
Hypertension is a major driving force behind the risk of stroke worldwide in both ischemic and hemorrhagic stroke. There is compelling data that a higher blood pressure is a consistent risk factor for stroke in LVAD, and that starting blood pressure control soon after implantation is likely to be beneficial. A new algorithm for BP assessment that combines Doppler and standard automated BP monitor may overcome the limitation of individual technologies as it offers reliable measurement of SBP and MAP in the majority of patients on CF-LVAD support. Frequent BP monitoring in clinic and when feasible at home should be considered in all LVAD patients. The mechanisms via which hypertension contribute to stroke risk are not well understood, and future research is required to better understand and possibly reduce the burden of stroke in patients treated with LVADs.
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